Objective: An excess of glucocorticoids (Cushing's syndrome) is associated with metabolic syndrome (MetS) features. Several single-nucleotide polymorphisms (SNPs) in the glucocorticoid receptor (GR) gene influence sensitivity to glucocorticoids and have been associated with aspects of MetS. However, results are inconsistent, perhaps due to the heterogeneity of the studied populations and limited samples. Furthermore, the possible association between functional GR SNPs and prevalence of MetS remains unexplored. Design: Cross-sectional population-based cohort study. Methods: MetS presence and carriage of functional GR SNPs (BclI, N363S, ER22/23EK, GR-9beta) were determined in 12 552 adult participants from Lifelines, a population-based cohort study in the Netherlands. GR SNPs were used to construct GR haplotypes. Results: Five haplotypes accounted for 99.9% of all GR haplotypes found. No main effects of functional GR haplotypes on MetS were found, but the association of GR haplotype 4 (containing N363S) with MetS was influenced by interaction with age, sex and education status (P < 0.05). Stratified analysis revealed that haplotype 4 increased MetS presence in younger men (at or below the median age of 47; odds ratio 1.77, P = 0.005) and in people of low education status (odds ratio 1.48, P = 0.039). Conclusions: A glucocorticoid receptor haplotype that confers increased sensitivity to glucocorticoids appears to increase the risk of metabolic syndrome, but only among younger men and less educated individuals, suggesting gene-environment interactions.
Introduction
The metabolic syndrome (MetS) is a cluster of cardiometabolic risk factors associated with cardiovascular disease, diabetes and increased mortality (1, 2) . An individual is considered to have MetS if three out of the following five risk factors are present: abdominal obesity, hypertension, high triglycerides, low HDL cholesterol and insulin resistance (1) . occurs in endogenous hypercortisolism as well as due to glucocorticoid administration, results in Cushing's syndrome (CS) (5) . CS commonly leads to central obesity and MetS features (5) . Furthermore, slight increases in long-term cortisol exposure have been linked to increases in MetS presence, cardiovascular disease and obesity (6, 7) .
The tissue effects of glucocorticoids are influenced by glucocorticoid sensitivity, which is partly determined by functional single-nucleotide polymorphisms (SNPs) in the glucocorticoid receptor (GR) gene. These polymorphisms are associated with cardiometabolic risk factors in an age-dependent manner (4, 8) . The BclI polymorphism increases glucocorticoid sensitivity in vivo as assessed using dexamethasone suppression testing (9) and has been associated with increased BMI, central adiposity and insulin resistance (10, 11) . The N363S polymorphism increases the in vivo sensitivity to glucocorticoids, as well as the transactivational capacity of the GR (12, 13, 14) , which is presumed to be responsible for most of the metabolic effects of glucocorticoids (15) . In line with this, N36S carriage has been associated with increased BMI and higher LDL cholesterol in the elderly (16, 17) . In contrast, the ER22/23EK polymorphism has been shown to decrease GR transactivation (13) . ER22/23EK has been associated with a beneficial metabolic profile with subtle increases in lean mass in younger individuals, and increased insulin sensitivity, lower LDL cholesterol and decreased cerebrovascular pathology in the elderly (18, 19, 20) . We also showed previously that the GR-9beta polymorphism does not affect GR transactivation, but reduces the transrepression activity of the GR, and thereby the immunosuppressive actions of glucocorticoids (15, 21) . Carriage of GR-9beta has been associated with an increased incidence of coronary heart disease (22). These functional GR polymorphisms show a high level of linkage disequilibrium and can be integrated to distinguish five different haplotypes of the GR gene (23) .
To the best of our knowledge, no study has investigated the associations between GR haplotypes and the presence of MetS. Previous studies indicate that variations in the GR may affect the cardiometabolic profile in an age-dependent manner. Therefore, we aimed to study the associations between GR haplotypes and MetS in a large population-based cohort, providing an opportunity to investigate how this association may vary in subgroups with respect to age, sex and socioeconomic status.
Subjects and methods

Participants and procedures
Lifelines is a multi-disciplinary prospective populationbased cohort study examining in a unique three-generation design, the health and health-related behaviors of 167 729 persons living in the north of the Netherlands. It uses a broad range of investigative procedures in assessing the biomedical, sociodemographic, behavioral, physical and psychological factors, which contribute to the health and disease of the general population, with a special focus on multi-morbidity and complex genetics (24) . Lifelines is a facility that is open for all researchers. Information on the application and data access procedure is summarized on www.lifelines.net. Detailed information on all collected variables can be found in the online Lifelines Data Catalogue (https://catalogue.lifelines.nl/).
Each participant was invited for a site visit that included a fasting venipuncture and a physical examination including measurement of blood pressure, weight, height and waist circumference. In addition, all participants were asked to fill out a set of questionnaires, including an extensive medical history. We included all adult participants in whom genome-wide association study (GWAS) and cardiometabolic data were available (n = 12 552). This study was approved by the Medical Ethics Review Committee of the University Medical Center Groningen. All study procedures were carried out in accordance with the Declaration of Helsinki, and all participants provided written informed consent.
Laboratory measurements and MetS diagnosis
In each participant, blood was drawn after an overnight fast. Glucose, triglycerides and HDL cholesterol were determined using routine laboratory procedures. MetS presence was defined according to the commonly used NCEP ATPIII criteria (25) , when participants fulfilled at least three of the following five criteria: abdominal obesity (waist circumference >102 cm in men, >88 cm in women), elevated triglycerides (serum triglycerides >1.7 mmol/L and/or use of lipid-lowering medication), reduced HDL cholesterol (serum HDL <1.0 mmol/L in men and <1.3 nmol/L in women, and/or use of lipid-lowering medication), elevated blood pressure (systolic >130 and/ or diastolic >85 mmHg and/or use of antihypertensives) and elevated fasting glucose (fasting plasma glucose >5.6 mmol/L, and/or use of blood glucose-lowering medication and/or diagnosis of type 2 diabetes mellitus).
In addition to the ATPIII criteria, we used MetS criteria of the International Diabetes Federation (IDF) in sensitivity analyses, to examine the robustness of our findings (26) .
Genomic analysis
Genotyping was performed using the Illumina HumanCytoSNP GWAS platform. The GWAS set was enriched using imputation with 1000 genomes as a reference set. From this enriched GWAS dataset, genotypes of functional GR SNPs (ER22/23EK, rs6189 and rs6190; N363S rs56149945; BclI, rs41423247; GR-9β, rs6198) were extracted using PLINK version 1.08p (Shaun Purcell, Harvard University) (27) . PHASE version 2.1 (Matthew Stephens Lab, University of Chicago) was used to construct GR haplotypes based on these SNPs (28, 29) .
Statistical analysis
SPSS version 21 was used for descriptive statistics, and R statistics (version 3.2.1) was used for regression analysis. The association between GR haplotype status (carriers vs non-carriers) and MetS was studied using logistic regression. Analyses were adjusted for covariates with a significant influence on MetS presence (P < 0.05), which included smoking status, education level, age and sex. Smoking status was defined as no smoking, past smoking for at least one year and current smoking. Education level was stratified in three categories of attained education levels: low, middle or high. To adjust the models for smoking and education status, dummy variables were created for low education status, high education status, past smoking and current smoking.
To study interaction effects between covariates and GR haplotypes, we studied whether addition of an interaction term (haplotype × covariate) significantly changed the model, using the likelihood ratio test. Significant interactions were explored using stratified analysis with Bonferroni adjustment for multiple testing. P values of <0.05 were considered to indicate statistical significance.
Results
Baseline characteristics are described in Table 1 . In the total study population, MetS prevalence was 21.9% and was higher in men than in women (25.1 vs 19.6%, P < 0.001). Five haplotypes accounted for over 99.9% of all GR haplotypes, the frequencies of which are depicted in Fig. 1 . Haplotype frequencies were similar to the 
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Figure 1
Glucocorticoid receptor haplotype frequencies. 
Effect of GR haplotypes on MetS presence
Logistic regression analysis showed no effects on the functional GR receptor haplotypes on MetS presence (P > 0.05, Table 2 ). A sensitivity analysis using the IDF criteria for MetS did not change this result (data not shown). For GR haplotype 4 that contains the N363S polymorphism, there was a significant interaction between haplotype carrier status and sex (χ 2 (df = 1) = 4.22, P = 0.040), age (χ 2 (df = 1) = 9.70, P = 0.002) and education (χ 2 (df = 2) = 8.51, P = 0.014); therefore, we performed stratified analysis to explore these associations.
Stratified analysis for the effect of haplotype 4
After stratification of our study population into two age groups, carriers of haplotype 4 at or below the median age (47 years) had a higher MetS presence (19.9 vs 14.3%, adjusted odds ratio (OR) 1.46 (95% CI: 1.08-1.95), P = 0.008; Table 3 ). Further analyses showed no difference within age-strata under the median, or within strata above the median of the distribution, indicating a real difference around 47 years (data not shown). Stratification for both age and sex showed that this haplotype 4-dependent increase at younger age was particularly pronounced in men (28.1 vs 18.0%, OR: 1.77 (95% CI: 1.14-2.77), P = 0.005; Fig. 2 and Table 3 ). After stratification for sex alone, no effect of haplotype 4 on MetS was observed in females and males separately (P > 0.05; Table 3 ). Haplotype 4 significantly increased the odds for MetS in individuals with a low educations status (39.9 vs 31.9%, OR: 1.47 (95% confidence interval (CI) 1.08-2.01), P = 0.015; Fig. 2 and Table 3 ), but not in individuals with middle or high education status (P > 0.05). Haplotype 4 frequencies were not significantly different between the strata for education status, age, sex, or age and sex (χ 2 tests, all P values >0.2). Sensitivity analyses using the IDF criteria for MetS showed that haplotype 4 selectively increased MetS presence in individuals at or below the median age of 47 (OR: 1.41 (95% CI: 1.07-1.86), P = 0.010), and in men at or below the age of 47 (OR: 1.68 (95% CI: 1.11-2.55), P = 0.007).
In contrast to what we found when using ATPIII criteria for MetS, haplotype 4 did not significantly increase the presence of IDF-MetS in low educated individuals (OR: 1.27 (95% CI: 0.87-1.85), P = 0.375).
Discussion
In this study, a glucocorticoid receptor haplotype (marked by the N363S polymorphism), which is known to increase glucocorticoid sensitivity, increased the risk of MetS, but only in specific subgroups of our study population. Although no main effect was observed when the entire cohort was analyzed, a selective increase was seen in younger males, and in people of low education status. Our finding that haplotype 4 increases MetS prevalence specifically in low-educated individuals might indicate a gene-environment interaction, in which a genetic constitution consisting of increased glucocorticoid sensitivity only results in an adverse cardiometabolic risk profile against a background of lower educational levels. One explanation for this observation could be that low education status, indicative of lower socioeconomic status, is associated with lifestyle factors that promote MetS (30) , which may potentiate the metabolic consequences of increased glucocorticoid sensitivity. Alternatively, socioeconomic status might be related to altered glucocorticoid signaling. Recently, we reported an association between low socioeconomic status and increased long-term cortisol levels in children (31) . Although in this study, we only examined adults, a chronic increase in cortisol levels would be expected to augment the metabolic effects of increased glucocorticoid sensitivity. Our study is limited by the fact that we did not have information about cortisol levels.
In vitro studies have shown that the polymorphism, N363S, which marks GR haplotype 4, is associated with increased transactivational activity of the GR (13, 14) . This is in line with increased MetS presence because transactivation is thought to be responsible for the metabolic effects of glucocorticoids (15) , which include dyslipidemia, insulin resistance and central adiposity (5) .
A major strength of this study is that for the first time, we were able to study the effects of GR haplotypes on MetS presence in a large, well-phenotyped populationbased cohort study. Previously, it has been shown that the participants in this cohort form a good representation of inhabitants of the north of the Netherlands (32) . This also means that the Lifelines cohort consists almost exclusively of indigenous Dutch, which limits the extent to which our results can be extrapolated to other ethnic populations. In our study, we chose to focus on MetS presence, and not on associations with mean levels of HDL cholesterol, triglycerides, blood pressure and adiposity. Because MetS presence has a clear prognostic value (2) , this allowed us to examine the clinical relevance of GR haplotypes.
Earlier studies investigating the associations between GR variations and the cardiometabolic phenotype were substantially smaller, and often included a range of different metabolic outcomes (10, 11, 16, 17, 18, 19, 20) . Both small sample size and a high number of statistical tests increase the risk of type I error (i.e. false positives). Although no study design can completely eliminate this risk, we took several measures to reduce it. First, we only used one outcome measure: MetS presence. Secondly, we limited the number of secondary analyses performed by using a stepwise approach where stratified analyses were only performed when a genotype-phenotype interaction significantly improved the model. Thirdly, we used multiple testing adjustment to curtail the risk of type I error in our stratified analyses.
Unlike genome-wide association studies, we only studied functional variations in the GR gene, using a hypothesis-driven approach. Our study design was based on both in vitro and clinical research, and we therefore only included variants with a known influence on glucocorticoid signaling. Based on results obtained from dexamethasone suppression tests (9, 18) and for haplotype 5 also from functional in vitro studies (13), we expected an increased prevalence of MetS in association with haplotype 2, which is marked by the polymorphism BclI, and a decreased prevalence of MetS in haplotype 5, which is marked by ER22/23EK. Several factors could contribute to the lack of associations in this study. It could be speculated that haplotypes 2 and 5 lead to such subtle differences in glucocorticoid sensitivity and that they do not result in an altered MetS prevalence. Both BclI and ER22/23EK have been associated with differences in negative feedback of glucocorticoids on the hypothalamus-pituitary-adrenal axis (9, 18) . A chronic slightly altered glucocorticoid sensitivity may therefore be partly compensated by altered cortisol levels, in which a relative hypersensitivity results in lower cortisol levels (in haplotype 2), and hyposensitivity results in increased cortisol (haplotype 5), thereby offsetting the change in glucocorticoid sensitivity. Another explanation for the lack of effect of haplotypes 2 and 5 may be that we did not examine individuals at an age during which they are particularly at risk for the modulatory effects of these haplotypes on MetS presence. ER22/23EK presence has been associated with beneficial effects on the lipid profile in men older than 53 years of age (18) , whereas our present cohort mainly consists of adults of a younger age. Likewise, the BclI polymorphism was recently associated with increased insulin resistance and body weight, but this was in a population with a mean age of 65 with a high rate of type 2 diabetes mellitus (10) .
In conclusion, we found that GR receptor haplotype 4, which is known to be associated with increased glucocorticoid sensitivity and increased transactivational activity of the GR, is associated with an increase in metabolic syndrome prevalence, specifically in young male adults and in individuals with low education status. These findings suggest that the association between glucocorticoid signaling and metabolic health is modulated by age, sex and socioeconomic status.
